Aerosol optical thickness, Angstrom exponent, single scattering albedo, and polarized phase function have been retrieved from polarized sun-photometer measurements for the atmosphere of Zanjan (36.70°N, 48.51°E, and 1800 m above mean sea level) during March to December 2011. The results show that the maximum value of aerosol polarized phase function varies from 0.05 to 0.35, and it has a strong positive correlation with Angstrom exponent. Moreover, there is a negative correlation between the polarized phase function and the single scattering albedo. Furthermore, the obtained results somehow show a correlation between the polarized phase function and the aerosol optical thickness. Therefore the polarized phase function is an effective and unique aerosol parameter and it can be used together with aerosol optical thickness and phase function to improve the accuracy of retrieved aerosol size distributions and complex refractive index from inversion algorithm.
INTRODUCTION
Aerosol concentrations and optical properties are the major uncertainties in the global climate changes [1] . In order to reduce the lack of extensive and reliable information about aerosols and their impact on atmosphere, they have been widely investigated by ground-based measurements and satellite remote sensing suits [2] . Ground-based measurements are ideal for reliable and continuous derivation of aerosol physical properties due to negligible effects of background surface on the measurements.
Iran is located within the so-called Earth's dust belt. Our observations show that the Tigris-Euphrates basin in the west, Arabian Peninsula in the south and southwest, and the Caspian and Aral seas region in the north are the main external sources for dust events frequently observed in these regions [3, 4] . There are also some minor active internal dust sources in Iran plateau [4] . Zanjan, a city in the Northwest Iran, is located in a mountainous region at 36.70°N, 48.51°E, and 1800 m above mean sea level. Zanjan meteorological office data shows that the average of sunny times is more than 7 hours per day [5] . As a result of above mentioned reasons and the lack of data from this region, Zanjan site is important for aerosol monitoring with groundbased instruments.
Polarized sky radiance strongly depends on the presence of aerosols in the atmosphere [6] . This can be monitored by looking through the degree of linear polarization of the scattered sunlight. The 12 element of the scattering matrix is a measure of the degree of linear polarization and is known as the polarized phase function (q a (θ)) [6] . Taking in account the degree of linear polarization of the scattered sunlight increases the accuracy of calculations in retrieving the physical properties of the particles (e. g. aerosol refractive index and size distribution) through the inversion processes that are based on solving the radiative transfer equation [6] . This also provides some measure of the particles geometrical shape [6] .
In this work polarimetric measurements of a Cimel CE318-2 sun-photometer (SPM) at 870 nm have been used to retrieve the aerosol single scattering albedo (ω 0 ) and q a (θ) of the scattered light in the Solar Principle Plane (SPP) mode measurements. The SPP includes a sweep of the sky in the vertical plane relative to the zenithal position of the sun. ω 0 can be obtained based on the algorithm presented by Devaux et al. [7] and the technique that has been presented by Vermeulen et al. [6] has been used to retrieve the q a (θ).
The rest of manuscript is organized as follows: In section 2, the retrieval algorithm of aerosol parameters has been explained. The data recorded by SPM together with their results are discussed in section 3. In the end, the discussion is presented in section 4.
METHOD
Atmospheric radiation can be modelled by solving the vector radiative transfer equation for a multilayer plane parallel atmosphere [8] . Each layer is specified by its optical thickness, ω 0 , and scattering matrix.
The stokes vector of scattered light can be obtained from transformation of incident light using the scattering matrix as the following equation [8] 
Where Θ is the scattering angle, Ω eff indicates the effective solid angle associated with scattering angle and can be obtained by normalization of the phase function p a (Θ) [i.e. the P 11 (Θ)], I, Q, U, and V are the stokes parameters, and the subscripts "s" and "i" refer to the scattered and incident light, respectively. This structure of scattering matrix corresponds to a random distribution of particles while their mirror particles also exist inside the distribution [8] . For spherical particles, the scattering matrix reduced to only four independent elements (since P 11 (Θ) = P 22 (Θ) and P 33 (Θ) = P 44 (Θ)) [8] . Here, the aerosol q a (Θ), stands for the P 12 (Θ) term (such that the degree of linear polarization is q a (Θ)/ p a (Θ)). The incident solar light is unpolarized [I 0 , 0, 0, 0] at the top of the atmosphere. On the ground level the sky radiance, L, and the polarized sky radiance, L p , can be extracted from the SPP mode measurements of the SPM, at different wavelength channels and polarized channels at 870 nm respectively [6, 8] . Estimations for L and L p can be simulated by using successive order of scattering techniques in solving the radiative transfer equation. The mentioned estimations are crucial to find the ω 0 and other optical parameters of the atmospheric particles [6, 7] . Table 1 shows the accuracy of aerosol optical thickness, τ a , Angstrom exponent, α, ω 0 , and q a (θ) for the atmospheric aerosols. Values in Table 1 have been calculated by referring to the calibration parameters of the SPM that are based on the AERONET calibration protocols. The SPM has been calibrated in CNRS LOA, PHOTON group.
To ensure that the range of the measured scattering angle is sufficient, calibrated radiance and polarized radiance have been picked with a solar zenith angle larger than 65°. Most of the cloud contaminated data has been eliminated via using the AERONET cloud screening algorithm [10] . Despite the use of screening algorithm, the SPP measurements data still has been affected by the inhomogeneous sky cloud contaminations in many cases. The cloud contaminated points in the SPP measurements can be determined by using the robust locally weighted regression to fit the measurements radiance. When the number of the cloud contaminated points or degree of contamination reaches the preset threshold, the recorded data is eliminated. After above mentioned processes on the measurements, totally we selected 40 measurements.
RESULTS
In this work the data recorded by a Cimel polarized SPM CE318-2 during March to December 2011 have been investigated. τ a (at 440, 670, 870, and 1020 nm) and α (calculated from τ a at 440, 670, and 870 nm) have been retrieved from sun mode recorded data for the mentioned period [3] . Unpolarized and polarized sky radiance at 870 nm have been obtained from SPP to retrieve the ω 0 and q a (θ). Fig. 1 shows measured τ a , α, and retrieved ω 0 , versus the number of day from March to December 2011. Table 2 indicates the minimum, maximum, and mean values of the mentioned parameters for 40 selected data in Zanjan atmosphere. The mean value of ω 0 suggests that parts of the aerosols in the Zanjan atmosphere are absorptive. This could be down to the existence of anthropogenic aerosols. AERONET ω 0 retrieved from almucantar sky recording data at 870 nm are also depicted in Fig. 1 . According to Dubovik et al. [11] the retrieved ω 0 accuracy varies from 0.03 to 0.07 depending on τ a . Retrieved ω 0 has larger accuracy in the higher τ a loading. The difference between these two retrievals (i.e. from SPP and almucantar) are lower than 0.05. The differences can be due to the time difference of about 10 min between these two measurement modes and also to the difference impact of surface reflectance on their measurements. The retrieved aerosol q a (θ) from 25° to maximum scattering angle (with 5° resolution) for two measurements with the same τ a but different α have been shown in Fig. 2 . The larger (smaller) α = 1.466 (α = 0.801) corresponds with the larger (smaller) value of q a (θ) max = 0.28 (q a (θ) max = 0.13), here the q a (θ) max stands for the maximum value of q a (θ). Fig. 3 illustrate a strong positive correlation between q a (θ) max and α, it is suggested that the aerosol q a (θ) can unfold information of aerosol size distribution effectively. In Fig. 4 , measurements with nearly the same α and different τ a have been shown. As a result of Fig. 5 , one can conclude that the influence of τ a on q a (θ) is small and there is a small negative correlation between them.
DISCUSSION
Our previous works show that dust and anthropogenic aerosols are the most dominant in Zanjan atmosphere [3, 4] . Also, there is a strong negative correlation between τ a and α [4] . Therefore, when τ a increased the size of aerosol and ω 0 increased but the maximum value of q a (θ) decreased. Since anthropogenic aerosols absorption is stronger than dust, we expect that the correlation between q a (θ) max and ω 0 to be negative. As one can see from Fig. 6 , there is a negative correlation between q a (θ) max and ω 0 . In a result, the maximum value of q a (θ) max increased for larger (smaller) value of α (ω 0 ), this means that anthropogenic aerosols are dominant in the atmosphere and vice versa. This is in agreement with our previous results. In Fig. 7 , q a (60°) plotted versus the α. Points show the retrieved measurements of q a (60°) in Zanjan atmosphere for the mentioned period and lines have been retrieved from Mie calculation for different refractive index. It shows that, when the aerosols in Zanjan atmosphere are in coarse mode (α < 1.2), the average refractive index is close to m = 1.55 − i0.001 and for fine mode (α > 1.2) it is near to m = 1.40 − i0.01. The main part of dust particles are silicates (m r = 1.59) [4] . Therefore, this could be the main reason of m r = 1.55 have been obtained for the real part of the refractive index in Zanjan atmosphere in dusty situations. Anthropogenic aerosols mostly consist of sulphates, nitrates and soot [4] . The real part of the refractive index of these particles mostly varies from 1.40 to 1.47 [11] . As another results of Fig. 7 , for α > 1.2, the real part of refractive index in Zanjan atmosphere varies between 1.40 to 1.50.
